Resource competition is thought to play a major role in driving evolutionary diversification. For instance, in ecological character displacement, coexisting species evolve to use different resources, reducing the effects of interspecific competition. It is thought that a similar diversifying effect might occur in response to competition among members of a single species. Individuals may mitigate the effects of intraspecific competition by switching to use alternative resources not used by conspecific competitors. This diversification is the driving force in some models of sympatric speciation, but has not been demonstrated in natural populations. Here, we present experimental evidence confirming that competition drives ecological diversification within natural populations. We manipulated population density of three-spine sticklebacks (Gasterosteus aculeatus) in enclosures in a natural lake. Increased population density led to reduced prey availability, causing individuals to add alternative prey types to their diet. Since phenotypically different individuals added different alternative prey, diet variation among individuals increased relative to low-density control enclosures. Competition also increased the diet-morphology correlations, so that the frequency-dependent interactions were stronger in high competition. These results not only confirm that resource competition promotes niche variation within populations, but also show that this increased diversity can arise via behavioural plasticity alone, without the evolutionary changes commonly assumed by theory.
INTRODUCTION
Natural populations are typically variable for a wide variety of morphological, behavioural and physiological traits. Phenotypic variation represents a puzzle for evolutionary biologists, since natural selection is often thought to favour one optimal phenotype and eliminate all others in a population. Consequently, a major goal of evolutionary biology has been to identify processes that maintain phenotypic and genetic variation in natural populations. One possibility is that diversity is maintained by disruptive selection, arising from negative frequencydependent processes that favour rare phenotypes (Wilson & Turelli 1986; Rueffler et al. 2006) . In particular, many models propose that resource competition can promote ecological and phenotypic variation (e.g. Levene 1953; Rosenzweig 1978; Slatkin 1980; Taper & Case 1985; Bü rger & Gimelfarb 2004; Dieckmann et al. 2004) . This is because rare phenotypes may have access to alternative resources, thereby escaping competition with more common phenotypes (Pfennig 1992; Maret & Collins 1997; Swanson et al. 2003) . Perhaps the most familiar consequence of competitive diversification is interspecific character displacement, in which coexisting species diverge in resource use to mitigate the effects of competition (Grant 1972; Dayan & Simberloff 2005) . However, intraspecific competition is also thought to maintain intraspecific variation (Roughgarden 1972; Bolnick 2004; Bü rger & Gimelfarb 2004) , trophic polymorphism (Smith & Skulason 1996) or even drive speciation (Rosenzweig 1978; Dieckmann et al. 2004) .
Despite its prominent role in recent theory (Dieckmann et al. 2004) , the diversifying effect of intraspecific competition has received few experimental tests (Maret & Collins 1997; Bolnick 2001 Bolnick , 2004 MacLean 2005) . Here, we present experimental evidence that competition can increase resource use diversity within a natural population. Resource use diversity, also known as 'individual specialization', occurs when a population is composed of ecologically heterogeneous individuals, each of which uses only a subset of the population's overall resource base (Bolnick et al. 2003) . Although ecologists have traditionally assumed that conspecific individuals are ecologically equivalent, a large number of studies have shown that apparently generalized species are composed of relatively specialized individuals (Bolnick et al. 2003) .
The proximate and ultimate causes of this amongindividual variation remain poorly understood: why would conspecific individuals, inhabiting a common environment, choose to use different subsets of the available resources? To answer this question, we first need to examine why an individual might use only a subset of the resources available to it. Such diet selectivity is generally explained by optimal foraging theory (OFT), which assumes that individuals act to maximize their rate of energy intake (Stephens & Krebs 1986) . OFT suggests that individuals may ignore certain types of prey when the time required to consume them could be more profitably spent searching for more valuable prey. This theory can then explain individual specialization if phenotypic variation causes individuals to differ in search or handling efficiencies for alternate prey (Bolnick et al. 2003; Svanbäck & Bolnick 2005) .
One of the key predictions of OFT is that an individual predator should add new prey types to its diet as preferred prey become scarce (Stephens & Krebs 1986) . By extension, these diet changes mean that resource competition may modify the degree of diet overlap among individuals (Svanbäck & Persson 2004; Svanbäck & Bolnick 2005) . While the exact result depends on the strength of functional trade-offs, a number of scenarios predict that competition should lead to greater amongindividual variation. This occurs when phenotypically different individuals have similar top-ranked prey, but resort to different back-up prey as their preferred ones become scarce (Robinson & Wilson 1998) or if phenotypic variation causes different individuals to add alternate prey more readily than others. As a result, models suggest that resource competition may generally lead to increased diet variation. Consistent with this expectation, the degree of individual specialization is positively related to population density in Eurasian Perch (Perca fluviatilis) over a 9-year natural fluctuation in density (Svanbäck & Persson 2004) . A related prediction is that phenotypic variation will be more tightly correlated with diet variation at high competition, when morphological differences lead to greater niche variation among individuals.
The predicted positive relationship between competition and diet variation is a close analogue of the evolutionary theories of competitive diversification (Dieckmann et al. 2004) . The key difference is that in the OFT model, competition can drive diversity via changes in foraging behaviour (plasticity) rather than changes in genetic variation (evolution; Svanbäck & Bolnick 2005) . Note that plastic and evolutionary are not mutually exclusive, but will tend to operate on different time-scales. In this study, we tested whether the level of competition leads to behavioural diversification in foraging decisions, by experimentally manipulating a natural population of three-spine sticklebacks (Gasterosteus aculeatus). As predicted, the degree of diet variation and the strength of diet-morphology correlations increased with elevated competition.
MATERIAL AND METHODS
In June 2005, we built ten 9 m 2 enclosures made of 1/16 inch. seine net, set in approximately 2 m deep water in Blackwater Lake on northern Vancouver Island, British Columbia (125835 0 28 00 W, 50810 0 19 00 N). The surface area of Blackwater lake is 37.5 ha, the perimeter is 6000 m and maximum depth is 28 m. Enclosures were placed in pairs along 0.5 km of shoreline and stocked with wild-caught sticklebacks to generate paired low-and high-density treatments (either 30 or 90 fish per enclosure; LD or HD hereafter). These densities fall within natural densities of stickleback populations (Wooton et al. 2005) . After 13 days, we quantitatively sampled prey (benthic invertebrates and zooplankton) in each enclosure by straining 33 l of the water column with a zooplankton net (100 mm mesh) and sifting through 800 cm 2 of benthic sediment, 10 cm deep collected with a core sampler. Sticklebacks were trapped the following day, anesthetized and preserved in formalin. One milligram of muscle tissue was stored in RNAlater and used to measure RNA/DNA ratios as an indicator of growth rate (Ali & Wootton 2003) . Tissue samples were thawed, rinsed in RNAlater and RNA/DNA ratios measured according to standard ethidium bromide fluorescence procedures (Caldarone et al. 2001) . Sticklebacks and prey were also sampled from outside each enclosure pair to serve as a natural baseline (control). This research adhered to the Association for the Study of Animal Behaviour/Animal Behaviour Society Guidelines for the Use of Animals in Research, the legal requirements of the country in which the work was carried out and all institutional guidelines. Stomach contents were identified to the lowest feasible taxonomic level (family or genus) and measured to estimate dry weight. For each enclosure, we used the proportion of dry weight of each prey type in an individual's stomach to estimate its diet breadth using Levins' D (Levins 1968 ). All stomach contents within an enclosure were then summed to measure the population's diet breadth, also using Levins' D. Finally, we quantified diet variation by calculating the mean overlap between each individual's diet and the population diet (IS; Bolnick et al. 2002) . IS ranges from 1 (perfect overlap, no variation) down towards 0 (less overlap, more variation). Stomach contents provide a cross-sectional measure of an individual's diet, which may be biased if the forager is sampling from patchy prey or if the stomach can hold only a few diet items at a time. However, stickleback guts usually contain many items, and the small scale of our enclosures ensured that all individuals were capable of sampling all available prey in much less time than it takes to digest them (more than 6 h; R. Svanbäck 2005, unpublished work) . Consequently, the spatial scale makes it unlikely that the observed diet variation is a result of patchy resources or stochastic variation. In addition, significant correlations between morphology and diet suggest that diet variation is not due to stochastic sampling effects. This has been confirmed by studies of stable isotope variation, demonstrating that cross-sectional gut content variation can be a good guide to long-term differences in resource use (Araujo et al. in press; Bolnick et al. submitted).
To check whether density manipulations affected resource competition, we compared benthic and pelagic prey density and diversity, gut fullness and RNA/DNA ratios in HD versus LD using paired t-tests. Gut fullness was measured by calculating the residuals of stomach content mass regressed against body mass. To test our central hypothesis, we used paired t-tests to evaluate whether mean diet overlap (IS ) differed between HD and LD. We also compared the mean individual diet breadth and population diet breadth between paired enclosures. All of these tests were repeated to contrast HD or LD against 'control' samples taken immediately adjacent to each enclosure pair.
To measure whether competition increased the strength of the correlation between diet and morphology, we photographed each fish for landmark-based geometric morphometrics. We digitized 23 homologous landmarks on the left side of each fish and used TPSRELW (Rohlf 2005) to convert the landmarks to partial warps and uniform scores. Furthermore, we used the same set of landmark coordinates collected from benthic and limnetic sticklebacks from Paxton Lake (R. Svanbäck, unpublished work) and converted them into partial warps and uniform scores together with the experimental fish from Blackwater Lake. We then performed a discriminant function analysis on the basis of separation (classification) of the benthic and limnetic sticklebacks from Paxton Lake. To identify more benthic-and limnetic-like phenotypes from our experiment, we projected the partial warps and uniform scores from the experimental fish on to the benthic-limnetic axis from Paxton Lake sticklebacks (see Eklö v & Svanbäck 2006 for further details on these morphometric methods). We first used all experimental individuals to evaluate whether there was a correlation between morphology and diet. We then used regression to test whether morphologically divergent individuals (large distance from the population centroid) are also ecologically divergent (low diet overlap with the population; PS i ; Bolnick et al. 2002) within each enclosure. The absolute values of these regression slopes represent the strength of morphology-diet associations and were subjected to paired t-tests contrasting HD and LD treatments.
RESULTS
There was no difference in survival between LD and HD (t 4 ZK0.769, pZ0.49). Furthermore, at the end of the experiment, we found no difference in average morphology between LD and HD (t 4 Z0.12, pZ0.91) or any difference in morphological variance between LD and HD (t 4 Z1.44, pZ0.22). Morphological means and variances also did not differ between either experimental treatment (HD or LD) and wild-caught control fish at the end of the experiment (t 4 Z0.017-1.69, pZ0.17-0.99). Thus, the following results of our study are due only to behavioural plasticity and not to any morphological change caused by either differential mortality or morphological plasticity.
Several lines of evidence confirm that manipulating stickleback density modified the strength of resource competition. The HD treatment had significantly lower densities of benthic invertebrates (t 4 Z2.96, pZ0.042) and zooplankton (t 4 Z5.64, pZ0.005; figure 1). Benthic invertebrate diversity was unaffected by the density treatment (t 4 Z0.53, pZ0.62), whereas zooplankton diversity declined in HD treatment (t 4 Z4.99, pZ0.008). This reduced prey availability in HD led to reduced residual stomach content mass (t 4 Z4.68, pZ0.009) and reduced RNA/DNA ratios (t 4 Z3.52, pZ0.025; figure 2), suggesting that fish grew less in HD treatment. LD enclosures were not statistically different from adjoining control samples for all measures of competition, except for zooplankton density which was lower in enclosures (see electronic supplementary material for details). In contrast, HD enclosures showed significantly lower prey availability, stomach contents and growth rates than control samples.
The increased competition in HD enclosures coincided with increased among-individual diet variation (t 4 Z3.44, pZ0.026; figure 3 ). This increased diet variation arose because different individuals shifted to use different previously under-used prey, so that individual diet breadth remained constant (t 4 Z0.90, pZ0.42) while the population's total niche breadth increased (t 4 ZK5.23, pZ0.006; figure 3). Diet variation and niche breadth in wild-caught fish were similar to that in LD fish and significantly different from HD fish (figure 3; also see supplementary material).
Diet variation among individuals was associated with morphological variation: individuals with deeper bodies and shorter gill rakers had a higher proportion of littoral macroinvertebrates in their diet ( p!0.001) and a lower proportion of pelagic cladocerans in their diet ( p!0.001). As a result, morphologically different individuals tend to be ecologically divergent as well, an association that was consistently stronger in HD than LD enclosures (t 4 Z3.27, pZ0.031; figure 4).
DISCUSSION
Our results confirm that resource competition can lead to increased diet variation among members of a single population ( figure 3a) . Since intraspecific competition is generally believed to be strong and widespread (Gurevitch et al. 1992) , our findings suggest that the dynamics documented here may play a major role in maintaining ecological variation within populations. Such ecological variation is a prerequisite for the frequency-dependent interactions thought to underlie disruptive selection, which in turn maintains genetic diversity (Bü rger & Gimelfarb 2004) and might drive speciation (Dieckmann & Doebeli 1999) . However, models of competitive speciation tend to assume that the strength of frequency dependence is constant and that competition drives evolutionary divergence (Bü rger & Gimelfarb 2004; Dieckmann et al. 2004 ; but see Taper & Case 1985; Ackermann & Doebeli 2004) . In contrast, our results demonstrate that the level of diet variation can change depending on ecological conditions and can arise via behavioural rather than evolutionary divergence. Diet variation increased in under two weeks, commensurate with the time it takes a forager to detect changes in prey availability (Werner et al. 1981) , but not with changes in genetic variance over generations. In LD treatments, phenotypically different individuals fed on similar prey types, whereas in HD the same phenotypic differences led to divergent diets. We suggest that this reflects shared resource preferences for prey that become depleted as stickleback density rises, causing phenotypically different individuals to shift onto different alternative prey (Svanbäck & Bolnick 2005) . Thus, behavioural decisions made by individual sticklebacks account for the increased correlation between diet and morphology with increased competition. These behavioural changes are consistent with several predictions of OFT. Although OFT is generally used to explain an individual's resource use, it may be extended to explain diet variation by assuming that search or handling times vary among individuals, perhaps as a function of morphological traits or experience. Foraging theory suggests that resource competition, by reducing the frequency of preferred prey, should lead to increased population diet breadth (Schoener 1971; Stephens & Krebs 1986) . A more recent model suggested that this population-level niche expansion might arise via ecological divergence among individuals (Svanbäck & Bolnick 2005) , similar to a classical verbal model known as the 'niche variation hypothesis ' (Van Valen 1965) . This should occur when different phenotypes resort to different alternate prey. Consider a simple model where two phenotypes share a single preferred resource, but have different alternate prey (Robinson & Wilson 1998) . When the preferred prey are abundant, there is no diet-morphology association. As prey density declines, the two phenotypes increasingly rely on different resources. Thus, competition is expected to increase both diet variations, because increases in population niche breadth should outpace increases in individual diet breadth (Svanbäck & Bolnick 2005) . As a result, the correlation between diet and morphology should increase with competition. All three of these predictions were confirmed in our study (figures 3a-c and 4). The only discrepancy with foraging theory was our observation that individual niche breadth remained constant rather than increasing as foragers add new prey types to their diet. This contradiction can be understood by realizing that foraging theory predicts an increase in the number of prey taxa that an individual would accept, if encountered. In contrast, our niche breadth measure reflects the diversity of prey actually eaten, which will also depend on prey availability.
In conclusion, our results confirm that resource competition is a diversifying force that can lead to increased niche variation among members of a single population. However, unlike the evolutionary diversification generally thought to result from competitive diversification (Ludwig 1950; Levene 1953; Rosenzweig 1978; Seger 1985; Christiansen 1988; Dieckmann & Doebeli 1999; Bü rger & Gimelfarb 2004; Dieckmann et al. 2004) , our results arose from changes in foraging behaviour, as the functional importance of morphological variation was exaggerated by declining prey densities. Such behavioural diversification is likely to arise much faster than evolutionary diversification and is easily reversible. It is not yet known how this rapid behavioural diversification might affect subsequent evolutionary dynamics, since existing models of diversification due to competition treat ecological parameters like niche width and frequency dependence as fixed constants (Dieckmann et al. 2004) or allow them to evolve (Taper & Case 1985; Ackermann & Doebeli 2004) . On the contrary, our results show that both niche width and frequency dependence can change via behavioural plasticity.
It is possible that behavioural diversification may actually facilitate evolutionary diversification (West-Eberhard 2003) . Greater diet variation increases the degree to which competition is frequency dependent, and it is this frequency dependence that drives disruptive selection (Dieckmann & Doebeli 1999; Bü rger & Gimelfarb 2004) . In addition, the increased correlation between morphology and diet in high competition means that any selection acting on resource use will be more efficiently translated into morphological evolution. In low-competition environments, phenotypic variation may be hidden from the effects of selection on resource use, since all individuals use similar resources. It should be noted that the selection itself may be weaker at low competition (Bolnick 2004 ). This may allow populations to accrue genetic variation for morphological traits in lowcompetition environments, because ecological (and fitness) effects only emerge when intraspecific competition intensifies. Our results therefore suggest that theories of competitive diversification and speciation would benefit from a more careful consideration of how changes in the level of niche variation and frequency dependence may affect evolutionary dynamics. Diversification due to competition R. Svanbäck & D. I. Bolnick 843 
